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Quantum Lattice Fluctuations in a I-Dirnensimal Charge-tknsity-Wave Material: Luminescenrx and

ResonanceRarrum Studiesof an MX Solid

Frtderick H. Long, Weven P. Love. Basil L Swansun

Spxroscqy and Biochemisuy GraIp, lNC- 14, and tbc Center for Materials Science,

MS C345, Ins Alamos Natimal Labcaatcny,Im Alamos, New Mexico 87M5

Luminescencespecua, M emissionand exciu+tion.and the exciuuion dependenceof the resonance

Raman (RR) spxtra hsve been measured for a 14rwnsional chrirgedensity-wave solid,

~(L)zC12]~@k?](C104)4; ~1 12~~i~. mc lumknm experirnUM support the existence

of tail stalesin the band gap region, which indicate the pre-seru of disorder. In conbast IJWRR

mcasuremeatsconclusively demonstratetluulhe effects of sulk MIuctural discrdcr on the vibrational

.sped.mscopycan kc ncglectd. This apparentlyparadoxical resultcan be expla.inodby considering the

z.ero-poinlmotion of he lattice. Our experimental resultsam compmxl to rmxml theoretical mcdels.

u-

h has&en known fcwsometime Ihat lhe zx’o-point madon in tram.r--polyacelylene (PA) is

compambleto the Weds distortion.[1] In a recent paper, thishas Men pointed out to be true for a wick

rangeof electronically l-dimensional (1 -D) wMs.[2] McKenzie and Wilkins have consideredthe effect of

Iattirx fluctuating on h density of statesin the gap region in umnsof a modulationof he band gap and

the assoctiteddismder, “f’hey found Umlwithin the Bom-Oppmheimer qqxoxirnation zero-pint and

themnallanice motion can he ueatd asa staticrandom pole.rhl that will fmducc a finite density of

electronic slatesin the emrgy gap region, hfcKcnzic and Wilktis derived an analykal expression fork

dcnsity~f-state-sin he gap region. Expcrirnentally, dtis will be manifested asan absorptiontail MI

extendsinto the gap region. Sucheffats have also been qualitatively predicted by odrersusing

semiclassicalMonte Carlo techniques.[3] while band tail absaption is obsmcx! in PA [4] and other I-D

materials, it is genemdlydifficult to defiiitivcly rule out stmii disorder(i. e. ordinary inhomogeneous

broadening)Man origin for the tail states.Resmana Rarnan (RR) studies hmvecstablishc-dthe pwnce

of staticstructuraldisorder in PA, making inhomogcneous~ing a strongcandidatefor the aigin of

the tall statm obsemedin this mamrial.[5] We p-sent here lhe re.sullsof optical studieson a I-D metal-

halogen-mixed-valcllce(MI(’) solid – [PI(L)2][R(L)2C12 ](CK34)4 ; b 1, Maminoethane. (hcreaftu

abbrcvitiwl “RCI”). ‘flte resultsenable usto Wsblish lhal SIA disordw has negligible effects on tk



electronicslatesfor this material. Tk. I’CSUltSare in accordwith the possibility that the observedband tail

statesresult from lattice fluctuations.

llw M?( classof materialsare 1-D crystalline solidscomposedof chainsof alternating transition

metal and halide ions.[61 These syslcmstypically di~lay a commensuratechargedensity wave (CDW) on

the metal ions, accompaniedby a Peieds distortion of the halide sub lattice, and are of particular interestfcw

theextreme tunability (chcmic-dly tmd stntctundly) of thc~re-e and e-phonon couplings and thusCDW

strengths. ‘i%ey have been successfullymodekxi using a 3/4-filicd, 2-band Peierls Hubbard Harniltonian

which bears intriguing sirnilarit.im10thoseappropriate for other eiectmnicaily low-dimensional solids

including the high-Tc oxide supemmductors.[71 For thesereasons,these materials have been the subjectof

~lgnificantexperimental inve..tigation.[8-2O]

The strengthof the CDW can be electronically controlkxi by varying the bridging halide and the

metal ion and can be structurallytonmoiied by the choice of iigandsand cOuntcrions.[9,iO, 1i] A throe-

dirmmsionaitcmpiate is formed by the Iigand group and the counterion which controls the structureof the

soft MY( chain axis. By varying the iigand or the counter ion the strengthof the CDW can be tuned through

systematicvariation of the P1--pt spacingalong the chab axis.[111 We have employed this structumi

templateeffect to correlate variouJ measures of CDW strength(the Rarnan chain mode frequency, the band

edge,the Pt--Pt separation,and the ratio of skrt to iong Pt-X bond lengths).

The crystalswere grown usingpwiousiy pubiishedmethods.[101 ‘ilte iuminewence spectrawere

coikcted with a SPEX flcmrimcwout.fkd withanIR sensitivePMT and graings bhamd for lM10 nm,

7%edata hasbeen corrected for the spectrairespon= of the PMT. Raman measurementswere performed

usingTLsapphire, HcNe and Ar+ iasersand previously describedCCD array and PMI’ detection

schemes.[i 8] To avoid ia.scrheating of the sampie, iaserpower was iowcred until M heating effects were

observedin the Rarnanspwlra.

3&.REiuLmmQQwmu

The luminescenceexcitation spectrashowsa dramatictemperaturedependence,Fig. 1. 71w

luminescencecxciiatkm edge broadenssignificantly, as the temperatureis incmsod. Furthermore, even at

iow temperature, a taii is observedin the excitation profik foi cncrghxloww thannpproximateiy2.36 CV

or 525 nm, Dir@ absorptionmeasurementsin theband Iaii region show a simiiar tempcmmrc

dcpendence,[161 For a static i -dimcnsi~ai ~Ui~, onc WOU~cxmt WI inv~* W- root div~gcnce of

Uwabsorptionabove ttrtdno aimption beiow the band edge. It is m-wnabk to conclude that the band

edgeis smearedout by some kind of disorder.
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Fig. 1: Excitation Spectraat 10K (solid) and 200K (dots) for PtCL A low energy tad is ciearly

observ~ even at low tempemture. As the temperatureis raised, the bandedgebroadenssignificantly.

To determine to whst extcmtstructural inhomogeneitiescould be presentin our crystals, we have

performed RR rm?asurementswith excitation energies throughoutthebandgap and band tail region, from

1,% e\ to271 eV, carefully monitcc’ingthe VI frequencyas a function of excitation energy. As

mentionedahve, the symmetrichaiide stretchingmode, V I isa quantitative mmure of k CDW strength,

and isdirectly comhtd with the gap energy.[ld This monotoniccodstion is expectedfor a Peirds

distortedsystem.[21] ‘Ikefom any k.iadof static structud disorda Otis, vacancies,interstials,etc.)

coupledto the CI?W wouldbemanifested by SMS in theV 1 frequencyasthe Raman excitation comes into

resonancewith various local cnvimnments as it is tuned though the lmnde3ge region. We have

perfcmrnd thisexperimentona variety of PtCl samples,at tmpefatures from 15K to 3WK, on two separate

tqwmnwtem, both with naturalC! isotopic abundanceand with kotopicdl y pure 3SCI, and nti mcawrable

excitation energy dcpendcmcewas found. [9,17, 201a llms it is clear thal staticstructuraldisorder has no

signif~ant effect on the electronicor vibrational spectraof our samples. Theseresults are in hmatic

CCnh9t to *C RR of PA.[51

.—... —.—. ——

a Eurly studim by Kurita et al. and Clark ct al. did show a dependewc of the VI frcqcncy on
~xcitaticn energy, which would be consistentwith poor quality crystals with Iargc inhomogcneitim,



We believe that lattice fluctuations am tk origin of the tail statesseenin our luminescence

expcrimem”a. Becauseof thelack of smcturai discmk, MX solidsprovide a good testingground for the

theory of McKenzie and Wilkins. They pnxlict that as the tcmpnture is increasedthe densityof statesin

the gap will incrrme and will produce a large broadening in the absorptionband edge. ‘his is totally

consistentwith what wc seeexperimentally. Furthermore, McKcJ’Izicand Wilkins note that theseband tail

statesshouldbe localized. A detailed comparisonwith the theory of McKenzie and Wifkins will be

prtwn’!d in a future paper.[20]

The effect.ive disordercausedby zero-point Iatti@ fluctuationsis distingukhed from tidinary

static disorderin that only theelectronic statesare modulatrxfby zero-point latthx md.krn. ‘he vibrational

tmnsitionenergiesare per%xtly defined. This is consistentwith thepreviously discussedRaman

spectroscopy, Electronic spectroscopyk sensitiveto zero-point motion effects becausevertical tmnsitiom

occur on much faster time scalesand are thcrefom sensitive to modulations of the %nd gap due to

bondlcngthdisorder.

The excitation dcpxdcnce of !hc luminescencealso SUPPIMStheexistcnccof localized tail states

below the band edge. At low temperatures,the luminescencefmm excitation into the tail of thePtCl band

gap is clearly md shifted with respecttoIumhesccncethatorighc.. fmm excitation into the band gap or

above, Ftg, 2. At temperaturesabove 200 K, the cxcitation cncfgYdcpcndcnccof the luminescence

emissionprofile disappears,data not shown. At higher temperatures,UN?excitation dependencedisappears

becausethe relaxation rate fmm the band m the focalixed tail statesincrcascssufficiently so that all

luminescenceori8inaks from the lowest lyihg excited electronic states. Previously, a small excitation

dependenceof the luminescencefmm PtCl was describedin termsof a seriesWannicr excitons.[15] We

have found no excitation rkpendcncc of the Iuminescew? in the IVC’f region, and thesecxpcrimcnts did

not examine the luminescencefrom the band tail states.

Physically the zero-point lattice fluctuations induce a seriesof Incalizcd electronic statesbelow the

band edge. The observedexcitationdependenceof* luminescencesuggeststhat the photo-excitation

dynamicsof the-sesystemsinvolve non-adiabatic transitionsbetween the band and the localized tail states.

Typically theorclicaf modelingof the photocxcitationdynamics for low dimensional systemshas included

only the adiabatic relaxationof the lattice around the initially producedclectrnn-hole pair or charge-transfer

cxciton. Our cxpcrimcnts indicatethat non-adiabatic transitionsmustbe included in thesimulationsof the

excited staicdynamics in low dimensional CDW solids.[71 Time-rwolvcd .spcctroscopyshouldyield

important infocrrmtionabouttheserciaxatim processes.
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Pig, 2: Excitation dependenceof the PtCl luminescenceat 20 K. When the band @i] statesam

excited, the luminescenceis strongly md shifted.

The experimental resultsreported hcfe supportthe existenceof band tail states,reminiscentof the

Urbach edge seenin semiconductors,for a 1-D CDW material.ResonanceRaman experimentsruk out

the possibility that structuralinhomogeneitieaate the origin of the band tails. We believe the tail statesarc

due to “disorder”originating fmm quantum fluctuationsof the latticeand the associatedmodulation of the

pcicrls energy gap, aspredicted by McKenzie Md Wilkins. [21
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Ccnkr for Matcrkds Scicnccat LANLO ~ would like to thank the d~tors postdoctoral program at
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